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mostly	 consumed	 in	 the	water	 column,	 although	 in	 shallow	 tidally	
mixed	regions	both	seabed	fauna	and	zooplankton	can	be	major	phy-
toplankton	consumers	(Norén,	Haamer,	&	Lindahl,	1999).	In	deeper	
areas,	 more	 detritus	 is	 broken	 down	 by	 microbial	 activity	 in	 the	
water	column	and	flux	to	the	seabed	is	relatively	low	(Marsay	et	al.,	
2015;	Suess,	1980).	Detritus-	based	production	cycles	are	typically	
dampened	and	attenuated	 in	 relation	 to	cycles	 in	primary	produc-
tion.	The	consequence	 is	 that	continental	 shelf	consumers	 rely	on	





growth	 rates,	 stability	 and	 productivity	 of	 the	 consumers	 they	
support	 (Burrel,	 1988;	 Graf,	 1992;	 Hargrave,	 1973;	 Levinton	 &	
Kelaher,	 2004;	Marcus	&	Marcus,	 1998).	 Food	web	models	 sug-
gest	that	the	presence	of	pathways	supported	by	primary	produc-
tion	and	detritus,	dubbed	 “fast”	and	 “slow,”	 respectively,	help	 to	
stabilize	food	webs	(McCann,	Rasmussen,	&	Umbanhowar,	2005).	
Further,	stronger	coupling	between	these	pathways	may	increase	
food	 web	 resilience	 to	 human	 and	 environmental	 perturbations	
(Blanchard,	Law,	Castle,	&	Jennings,	2011).
Various	 factors	may	 influence	 species’	 affiliation	 to	 the	path-
ways	 such	 as	 interannual	 and	 consumer	 size-	related	 variation.	
For	 example,	 changes	 in	 planktonic	 productivity	 can	 alter	 the	
strength	 of	 benthic–pelagic	 coupling	 (Woodland	 &	 Secor,	 2013).	







supported	 by	 phytoplankton	 from	 benthic	 production	 recycled	
through	seabed	pathways,	although	diet	data	can	be	used	as	inputs	
to	 food	web	models	 to	 achieve	 this	 if	 the	 diet	 composition	 of	 all	
interacting	consumers	 is	well	 resolved	 (Polunin	&	Pinnegar,	2002).	
Stable	isotope	analysis	of	consumer	tissue	has	been	used	to	measure	


























phur	 from	seawater	 sulphates	 such	as	phytoplankton	 tend	 to	have	
δ34S of ca.	19–21‰	while	producers	utilizing	sedimentary	sulphides	
will have lower δ34S	values	 (Thode,	1991)	by	as	much	as	30‰	rel-






of	different	 sources	 in	mixing	models	 (e.g.,	Parnell,	 Inger,	Bearhop,	
&	Jackson,	2010),	although	fractionation	may	vary	more	across	the	
entire	food	chain	when	differing	metabolic	pathways	are	present.
Here,	 we	 establish	 a	 systematic	 approach	 for	 estimating	 the	













2  | MATERIAL S AND METHODS
2.1 | Fish sampling and SIA
Fish	were	caught	in	an	area	from	57.5°N–61.5°N	to	1°W–4°E	(mean	
depth	155	m)	in	August	and/or	September	from	2002	to	2006	dur-
ing	 the	 North	 Sea	 English	 Bottom	 Trawl	 Survey,	 using	 a	 Grande	
Ouverture	 Verticale	 bottom-	fished	 otter	 trawl	 net	 with	 a	 20-	mm	
     |  407Journal of Animal EcologyDUFFILL TELSNIG ET aL.












a	 pestle	 and	mortar.	 After	 processing	 each	 sample,	 all	 equipment	
was	cleaned.	Individual	samples	were	transferred	to	glass	vials	prior	
to	weighing	into	tin	capsules	for	SIA.
The	 carbon	 stable	 isotope	 composition	 of	 samples	was	 deter-
mined	with	a	Europa	Scientific	20-	20	IRMS	with	a	Europa	Scientific	
Roboprep-	CN	 preparation	 module	 operated	 by	 Iso-	Analytical	 Ltd	
(Crewe,	UK).	 In	the	preparation	module,	 two	reference	samples	of	
Iso-	Analytical	Standards	IA-	R014	(powdered	bovine	liver),	IA-	R005	















Polunin,	 and	 Jennings	 (2006),	 which	 produces	 estimates	 of	 δ13C	
comparable	with	 those	based	on	 chemical	 lipid	extraction	 for	 fish	
tissue	(Sweeting	et	al.,	2006).
For	34S	analysis,	tin	capsules	containing	2-	mg	dried	fish	tissue	or	
reference	material	 plus	 4	mg	 vanadium	pentoxide	were	 processed	
with	an	automatic	sampler	coupled	to	a	Europa	Scientific	20-	20	iso-
tope	 ratio	 mass	 spectrometer	 operated	 by	 Iso-	Analytical	 Limited	
(Crewe,	UK).	The	reference	material	used	was	IA-	R036		(Iso-	Analytical	
working	 standard	 barium	 sulphate,	 δ34SV-CDT	+	20.74‰)	 calibrated	
and	traceable	to	NBS-	127	(barium	sulphate,	δ34SV-CDT	+	20.3‰).	Two	
capsules	containing	organic	standards,	with	a	composition	closer	to	
fish	 tissue	 than	 the	 inorganic	 standards,	were	 run	after	every	 five	




to	 the	primary	 34S	 isotope	standard	V-	CDT	 (troilite	of	 the	Canyon	
Diablo	meteorite).





species.	Each	 source	 indicator	 species	was	 initially	 identified	using	a	
combination	of	diet	and	stable	isotope	data.	Diet	data	were	obtained	











“Unknown”	prey	 included	prey	 items	which	were	unidentifiable	 (e.g.,	
partially	 digested),	 non-	living	 items	 (e.g.,	 rock	 or	 sand)	 or	 items	 for	
which	 the	 ecology	 is	 not	 sufficiently	 understood.	Mackerel	Scomber 
scombrus	 Linnaeus,	 1758	 had	 consumed	 the	 highest	 proportion	 of	



























Sweeting,	 Jennings,	 Barry,	 and	 Polunin	 (2007)	 and	 Sweeting,	 Barry,	
Polunin,	and	Jennings	(2007),	respectively.	Further	analyses	were	run	
both	with	 TL	 corrected	 and	 uncorrected	 isotopic	 values	 (TL	 uncor-
rected	results	in	Supplementary	material).
Biomass	estimates	were	based	on	numbers-	at-	length	recorded	
in	 the	 International	 Bottom	Trawl	 Survey	 in	 the	 area	 0°–4°E	 and	
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56°–62°N	in	2006.	Catch	numbers	by	species	and	length	per	hour	
of	trawling	were	converted	to	mean	numerical	density	per	ICES	sta-





rectangle	 and	 summing	 over	 all	 rectangles.	 Estimates	 of	 biomass	
by	species	and	length	were	then	obtained	by	converting	individual	
lengths	 (L,	 cm)	 to	 individual	weights	 (W,	 g)	 using	 the	 relationship	









the	 mean	 and	 SD	 of	 the	 stable	 isotopic	 composition	 of	 the	 two	
source	indicator	species	(Supporting	Information	Figure	S2).	A	prior	




























ways	 to	 fish	 biomass	 in	 2006,	 as	 generated	 with	 combined	 δ34S 
and δ13C	 (hereafter	 SC)	 analysis,	 were	 more	 precise	 than	 those	
TABLE  1 Estimated	relative	contribution	of	pelagic	pathways	(modal	SC	and	C	estimates)	to	total	biomass	(tonnes)	in	the	sampling	area	
(estimated	contribution	to	pelagic	pathway	by	mackerel	and	plaice	assumed	to	be	0.99	and	0.01,	respectively)
Species name Common name Authority
Species’ 
biomass (t)




Scomber scombrus Mackerel Linnaeus,	1758 324,104 320,863 320,863
Clupea harengus Herring Linnaeus,	1758 643,212 551,282 447,761
Trisopterus esmarkii Norway	pout (Nilsson,	1855) 144,739 110,586 88,489
Pollachius virens Saithe (Linnaeus,	1758) 1,460,296 958,157 752,536
Limanda limanda Dab (Linnaeus,	1758) 62,670 40,964 36,284
Eutrigla gurnardus Grey	gurnard (Linnaeus,	1758) 99,286 60,872 53,974
Melanogrammus 
aeglefinus
Haddock (Linnaeus,	1758) 261,692 158,852 138,752
Hippoglossoides 
platessoides
Long	rough	dab (Fabricius,	1780) 30,328 17,732 13,971
Trachurus trachurus Scad (Linnaeus,	1758) 2,508 1,371 1,087
Microstomus kitt Lemon	sole (Walbaum,	1792) 6,830 2,575 2,014
Amblyraja radiata Starry	ray (Donovan,	1808) 4,892 1,679 1,373
Merlangius merlangus Whiting (Linnaeus,	1758) 90,294 28,094 24,080
Lophius piscatorius Anglerfish Linnaeus,	1758 26,976 8,218 6,435
Gadus morhua Cod Linnaeus,	1758 26,554 7,151 6,513
Pleuronectes platessa Plaice Linnaeus,	1758 7,317 73 73
(Totals) (3,191,700) (2,268,470) (189,420)
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generated	with	δ13C	 (C)	 alone	 (Figure	1).	However,	 the	 rank-	order	
relative	contribution	of	pelagic	pathways,	based	on	 relative	modal	
importance	of	the	pelagic	pathway,	was	almost	identical	(Figure	1),	
with	 a	 Spearman	 rank	 correlation	 between	modes	 of	 the	 credible	
intervals	of	0.96,	and	0.90	and	0.93	correlations	for	the	 lower	and	
upper	 bounds	 of	 the	 50%	 credible	 interval.	 Contributions	 of	 the	








was	 sustained	 by	 energy	 that	 had	 cycled	 through	 benthic	 detrital	





mass	 for	 the	 community	 as	 a	 whole.	 The	 larger	 value	 of	휎	 for	 C	
demonstrated	 that	 more	 variation	 was	 unexplained	 when	 S	 data	
were	not	included	in	the	analyses	(Table	2).
Interannual	 changes	 in	 the	 relative	 contribution	 of	 pelagic	
pathways	to	species’	biomass,	as	determined	with	δ13C	data,	were	
modest	 (Figure	2),	 and	 correlations	 between	 years	 for	 the	 rela-
tive	modal	contributions	of	pelagic	pathways	were	always	>0.57	
(Table	3).	The	Bayesian	model	with	a	 “year”	 covariate	 reinforced	









of	 the	 pelagic	 pathway	 (Figure	3)	 or	 benthic	 pathway	 (Supporting	
Information	 Figure	 S3)	 to	 individual	 species’	 biomass	 from	 2002	
to	 2006	 were	 species	 dependent.	 The	 negative	 relationship	 be-
tween	 mass	 and	 the	 relative	 use	 of	 the	 pelagic	 pathway	 was	 es-
pecially	 strong	 for	 whiting	Merlangius merlangus	 (Linnaeus,	 1758),	
dab Limanda limanda	 (Linnaeus,	1758),	 starry	 ray	Amblyraja radiata 
(Donovan,	1808)	and	M. kitt.	Conversely,	body	mass	was	positively	




thic	 food	web	pathways,	 our	method	provides	 an	 important	 com-
plement	to	diet	studies.	This	is	because	it	characterizes	the	extent	
to	which	production	 is	 channelled	 through	pelagic	or	benthic	 sys-
tems	as	opposed	to	focusing	on	the	habitat	choice	of	prey	or	where	













Lehane	 &	 Davenport,	 2002;	 Vedel,	 1998).	 Diel	 vertical	 migration	
of	 zooplankton	may	 also	 play	 a	 significant	 role	 in	 the	 channelling	





δ13C & δ34S δ13C
25% Mode 75% 25% Mode 75%
Body	mass	[p] −1.21 −0.68 −0.17 −1.11 −0.59 −0.07
Body	mass	[b] 0.17 0.69 1.20 0.15 0.67 1.18









Year 2002 2003 2004 2005 2006
2002 — 0.88 0.65 0.73 0.63
2003 — 0.74 0.76 0.57








Body	mass	[p] −3.49 −2.93 −2.37
Body	mass	[b] 2.38 2.93 3.48
Year	[p] −0.50 −0.04 0.45
Year	[b] −0.42 0.05 0.54
휎 1.30 1.32 1.33






low	 shelf	 seas	 (Jumars	 et	al.,	 2015;	 Lehane	 &	 Davenport,	 2002;	
Vedel,	1998)	and	because	invertebrates	and	fish	accessible	to	preda-
tors	 feeding	 in	 the	water	column	may	feed	extensively	on	benthic	







for	other	 species.	Previous	 studies	of	 the	 trophic	 role	of	C. haren-
gus	based	on	nitrogen	stable	isotope	analysis	have	implied	that	tro-
phic	level	consistently	decreases	with	body	mass,	falling	by	almost	







spawning	origin	 of	C. harengus	 caught	 in	 the	 central	 and	northern	
North	Sea	in	summers	of	2004–2007.	At	the	latitudes	of	our	sam-








spawners	 spend	 their	 first	year	 in	 the	southern	and	central	North	
Sea.	 The	 spatial	 distribution	 of	 one	 measure	 of	 base	 δ13C	 in	 the	
North	 Sea	 (Barnes,	 Jennings,	&	Barry,	 2009a,	 2009b)	 varied	 from	
−17.6	to	−18‰	in	the	study	region,	compared	with	−17.4	to	−17.8‰	
in	the	inshore	areas	used	by	young	autumn	spawning	C. harengus and 
−16	to	−17‰	in	the	southern	areas	used	by	young	winter	spawners	























Modal values of σ	ranged	from	0.8	to	1.37	
across	species








Lens	(2003)	demonstrated	that	δ15N of S. pilchardus	≥18	cm	in	total	
length	fell	with	body	size.	This	reduction	in	δ15N	is	consistent	with	
a	decrease	 in	 trophic	 level	 (Bode	et	al.,	 2007),	which	would	 result	
from	 increased	 feeding	 on	 phytoplankton	 by	 larger	 fish	 in	 cases	
when	phytoplankton	was	abundant	(Garrido,	Marçalo,	Zwolinski,	&	
Van	der	Lingen,	2007).	Consumption	of	phytoplankton	by	filter	feed-








future,	 studies	 to	 quantify	 the	 role	 of	 phytoplankton	 in	 ingested	
and	assimilated	diet	of	herring	would	be	valuable.	This	 is	because	
confirmation	of	 reductions	 in	 trophic	 level	 and	 increases	 in	 direct	
use	of	phytoplankton	with	body	 size	would	 substantially	 alter	our	
understanding	of	 the	structure	and	 function	of	pelagic	 food	webs	










a	 pathway.	However,	we	do	 not	 expect	 absolute	 use	 of	 the	 path-
ways	to	differ	markedly	from	our	99%	assumptions	given	that	mean	
depth	 in	 the	study	 region	was	170	m.	Giraldo	et	al.	 (2017),	 for	ex-
ample,	used	C	and	N	stable	 isotopes	to	demonstrate	that	coupling	





piscivores	was	approximately	95%.	Given	P. platessa and S. scombrus 
are	members	of	these	feeding	groups,	and	given	that	relationships	









indicator	 species	 is	 not	 known,	 estimates	 of	 use	 of	 the	 pelagic	 or	
benthic	pathway	by	other	species	are	tied	to	these.	Consequently,	




In	 future,	 it	 would	 be	 desirable	 to	 develop	 the	 stable	 isotope	
methods	 to	provide	absolute	estimates	of	pelagic	or	benthic	 affil-
iation	 in	 the	 study	 region.	This	would	 require	 the	 identification	of	
species	 that	 are	 specialist	 feeders	 on	 phytoplankton	 and	 benthic	
detritus-	based	food	chains,	 respectively,	and	then	to	sample	 them	
with	 sufficient	 frequency	 to	 account	 for	 the	 short-	term	 isotope	
dynamics	 which	 are	 evident	 in	 smaller	 individuals	 with	 fast	 turn-
over	 times	 (Kürten,	Painting,	Struck,	Polunin,	&	Middelburg,	2013;	
Wainright	&	 Fry,	 1994).	 An	 alternative	 is	 to	 simulate	 the	 seasonal	
dynamics of δ34S and δ13C	 in	 phytoplankton	 and	 benthic	 detritus	











in	 estimates	 of	 the	 relative	 use	 of	 pelagic	 and	 benthic	 pathways	




was	 consistent	with	 the	 results	 of	Connolly	 et	al.	 (2004),	where	 a	
meta-	analysis	 was	 used	 to	 assess	 the	 extent	 to	 which	 δ15N, δ13C	
and δ34S	distinguished	sources	 in	estuarine	and	marine	food	webs	





Relative	 use	 of	 pelagic	 and	 benthic	 pathways	 varied	 consider-
ably	among	species,	but	more	than	two-	thirds	of	the	biomass	in	the	
total	fish	community	was	linked	to	food	chains	that	were	ultimately	
supported	 primarily	 by	 direct	 phytoplankton	 grazing	 rather	 than	
production	recycled	through	benthic	detrital	pathways.	Within	the	
community,	 differences	 in	 the	 relative	 use	 of	 pelagic	 and	 benthic	
pathways	by	different	species	were	largely	consistent	from	year	to	
year,	despite	potential	 fluctuations	 in	planktonic	activity,	 likely	 re-
flecting	 the	 relatively	 constrained	habitats	 and	diets	of	most	 spe-
cies	 (Heessen,	Daan,	&	Ellis,	 2015)	 as	 constrained	by	morphology	
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and	other	species’	characteristics	determined	on	evolutionary	time-	
scales	(Reecht,	Rochet,	Trenkel,	Jennings,	&	Pinnegar,	2013).
Approximately	 30%	 of	 total	 consumer	 biomass	 was	 linked	 to	
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